Mobile video services are becoming a dominant traffic category in emerging fourth generation (4G) cellular networks such as the 3GPP Long-Term Evolution (LTE) and LTE-Advanced (LTE-A). In particular, mobile video unicasting services based on 3GPP Dynamic Adaptive Streaming over HTTP (DASH) and multicasting/broadcasting services based on 3GPP evolved Multimedia Multicast/Broadcast Service (eM-BMS) will require considerable resources for high-quality service delivery with high coverage probability. Faced with the challenge of energy efficient multimedia service provisioning over LTE/LTE-A, in this paper, we present simple analytical tools for evaluation of average service data rates, bandwidth and energy-consumption requirements applicable for different multimedia delivery services and LTE/LTE-A radio access network (RAN) configurations. Moreover, we introduce and evaluate novel energy and bandwidth performance measures defined per unit of service. As a result, we are able to compare the efficiency of different multimedia service delivery configurations over LTE/LTE-A. In particular, in this paper, as a running example we focus on eMBMS and compare the Energy of Service (EoS) of the two macro-cellular LTE/LTE-A configurations recently proposed in 3GPP: i) a single frequency network eMBMS (SFN-eMBMS), and ii) a single-cell eMBMS (SC-eMBMS). Furthermore, we extend this analysis to eMBMS provisioning over Heterogeneous Networks (HetNets) environment. However, the methodology presented is general and targets light-weight system design and comparison of bandwidth/energy costs of different LTE/LTE-A multimedia service delivery configurations. key words: eMBMS, energy efficiency, video multicast, LTE/LTE-A
Introduction
The dramatic increase in the predicted volume of wireless Internet traffic can be attributed to mobile multimedia applications. This is recently confirmed by the Cisco Visual Networking Index estimate that mobile data traffic will increase 13-fold in the period 2012-2017 [1] . Provisioning of high-quality multimedia services over cellular networks has became a reality as a result of technological maturity reached at both the cellular network and the user equipment (UE) side. Indeed, the requirements for high quality multimedia over cellular are met with the introduction of 3GPP Long Term Evolution (LTE) and LTE-Advanced (LTE-A) [2] , [3] . In addition, typical smartphones/tablets available on the market represent powerful handheld computers able to process high-quality compressed multimedia and present it on a large size/resolution screen. This trend of video traffic domination in the mobile cellular Internet opens a great challenge for mobile network operators. Providing sufficient network capacity that meets growing traffic demands while preventing the operational expenditure and energy requirements of the network from scaling directly with traffic volumes present conflicting demands.
In this paper, we address the energy and spectrum efficient design and analysis of multimedia service delivery over LTE/LTE-A. We introduce a simple framework for evaluation of average service data rates, bandwidth and energy-consumption requirements for multimedia service provisioning in LTE/LTE-A. In the proposed framework, average service data rates are evaluated based on Finite-State Markov Chain (FSMC) modeling of user channels [4] customized to the LTE/LTE-A physical-layer, in combination with the fixed coverage probability service requirements. Moreover, we introduce novel bandwidth and energy performance measures defined per unit of service suitable for system design and comparison of service delivery efficiency of different LTE/LTE-A configurations. In particular, we focus on the mobile video broadcasting service, 3GPP evolved Multimedia Multicast/Broadcast Service (eMBMS) [5] , [6] , as a running example. For example, in the specific eM-BMS LTE/LTE-A scenario, introducing energy costs per eMBMS service channel sets the ground for Energy of Service (EoS) definition, investigation and comparison of different eMBMS over LTE/LTE-A configurations. To provide the proof-of-concept for our approach, we evaluate the bandwidth and energy efficiency of eMBMS provisioning under varying Quality of Experience (QoE) requirements over two LTE/LTE-A macro-cellular configurations recently proposed in 3GPP. These are a single frequency network eMBMS (SFN-eMBMS) and a single-cell eMBMS (SC-eMBMS) configuration [6] . Furthermore, we extend this analysis to eMBMS provisioning over more interesting and dynamic Heterogeneous Network (HetNets) environment [7] . However, we note that the results and methodology introduced in this paper are general and could be extended for comparison of different LTE/LTE-A multimedia delivery services over various upcoming heterogeneous LTE (HetNets) network configurations.
The rest of the paper is organized as follows. Section 2 provides background on 3GPP defined multimedia delivery services in LTE/LTE-A. In Sect. 3, we provide a system model for video delivery services based on FSMC Copyright c 2014 The Institute of Electronics, Information and Communication Engineers modeling of the LTE downlink transmission process. Focusing on eMBMS service, in Sect. 4 we derive average rate vs. coverage probability analysis for the SFN and SCeMBMS configurations. Section 5 presents bandwidth and energy efficiency analysis per video service unit. These are applied in Sect. 6 to SFN and SC-eMBMS providing their bandwidth/energy service cost evaluation and comparison while taking the QoE into account. The paper is concluded in Sect. 7.
Background
In this section, we provide brief overview on: i) the IP content delivery to mobile users via LTE/LTE-A interface, and ii) the most popular 3GPP-standardized multimedia delivery services over LTE/LTE-A.
3GPP LTE/LTE-A RAN Protocols
The LTE standard provides efficient broadband wireless IP connectivity between the base station (eNB -eNodeB) and the mobile UE through the new evolved UMTS terrestrial Radio Access Network (E-UTRAN) architecture introduced in 3GPP LTE Release 8 [8] . Figure 1 illustrates the protocol stack responsible for the downlink (DL) IP packet flow at the eNB/UE interface.
IP packets enter the eNB through the Packet Data Conversion Protocol (PDCP). After header compression and ciphering, PDCP encapsulated IP packets (IP/PDCP) are delivered to the Radio Link Control (RLC) layer. The RLC layer performs segmentation/concatenation of IP/PDCP packets into RLC packets to fit the MAC frame size requirements, which are in turn selected to fit the physical layer (PHY) transport block (TB) sizes. Thus each MAC frame is allocated a single PHY TB for transmission over the eNB/UE interface. For unicast transmission, reliable MAC frame delivery over the eNB/UE link is supported by the MAC/PHY layer HARQ mechanism. If HARQ fails, the RLC-layer ARQ mechanism may be (optionally) used to guarantee reliable RLC packet delivery [9] , [10] .
The PHY TB represents a PHY packet whose size (TBS) within a single transmission time interval (TTI) depends on: i) the modulation/coding (MC) scheme selected by the MAC-layer scheduler based on the Channel Quality Indicator (CQI) reported by the UE, and ii) the amount of PHY resource blocks (RBs) allocated to the UE. The PHY RB represents a unit of time-frequency resources: 0.5 ms time duration ( 1 2 TTI) and 12 OFDM carriers (180 kHz) of bandwidth. PHY RBs are always allocated in pairs, thus the PHY TBS depends on the number N RBP of RB pairs (RBPs), 1 RBP = 180 kHz × 1 TTI, allocated to the UE and the CQI value fed back by the UE (see Table 1 , TBS column for the case N RBP = 6, i.e., a Category 1 LTE user). For more details on the LTE RAN protocols, we refer the reader to [8] - [10] . [11] , and the eM-BMS suitable for broadcasting the same video content to a large number of users over a common radio channel [5] . Dynamic adaptive streaming over HTTP (DASH) for the progressive download of video content has gained popularity due to low operational costs and bandwidth requirements, dynamic bit rate adaptation and improved scalability [11] - [13] . DASH is a segment-based streaming solution in which segments of the media content are provided by server in multiple representations that differ in video bit rates, frame rates, resolution, and quality. All the decisions are moved from servers to clients thus liberating servers from large dependencies on different devices, while enabling each client to adjust streaming session to its own abilities. This is done by allowing users to dynamically choose the segment of highest quality according to its currently experienced network conditions and handset capabilities [12] .
3GPP standard allowing for point-to-multipoint multimedia transmission (MBMS) has been defined starting from Release 6 [6] . In Release 8 [8] , the enhanced MBMS (eM- BMS) design is introduced with two proposed transmission schemes. The first one, single-cell (SC-eMBMS) transmission, overcomes pre-LTE MBMS shortcomings by allowing user feedback on channel conditions and dynamic selection of the suitable MC scheme. The advantage of this scheme is dynamic adaptation to current distribution of users in the cell. Furthermore, in terms of energy efficiency, the SCeMBMS service can be turned-off in the cells with no active service. The second one, multicell or so called single frequency network (SFN-eMBMS) transmission, represents a coordinated effort of macro eNBs to cover the network with the same physical signal, where a fixed MC scheme adapted to match the worst-case edge-user requirements is applied. SFN-eMBMS results in increased achievable rates at the cell edge [14] . In contrast to SC-eMBMS, SFN-eMBMS is fixed and designed in advance and does not depend on the user distribution over the cells [6] .
The eMBMS system architecture is presented in Fig. 2 . For SC-eMBMS, it reuses similar architecture as for the standard LTE unicast service with the eMBMS service gateway (MBMS GW) and the Mobility Management Entity (MME). SFN-eMBMS requires additional coordination within single frequency network of eNBs, which is maintained by Multi-cell multicast Coordination Entity (MCE). Service-level entity called Broadcast/Multicast Service Center (BMSC) maintains service activation and session management between service users and the content provider. Detailed description of the eMBMS architecture and system interfaces is available in [15] .
System Model for Multimedia Delivery Services over LTE/LTE-A
Mobile multimedia services are delivered to cellular users encapsulated into IP data streams. IP packets are transmitted via the eNB/UE radio-interface over frequency/time resources consisting of a set of PHY RBs allocated over a time-sequence of TTI slots. Accurate modeling of instantaneous channel conditions and achievable data rates as seen by UEs at various cell locations is fundamental for efficient design of multimedia delivery services over LTE/LTE-A.
LTE/LTE-A System Model
We consider a LTE/LTE-A system model consisting of a macro-cellular site that combines 19 macro-cell eNBs arranged in two tiers around a central eNB ( Fig. 3 illustrates part of the layout). For a UE placed at a distance d from the eNB, the average Signal-to-Interference-and-Noise Ratio (SINR) at the UE is [8] :
where P T X is the eNB transmission power (per cell sector); G T X and G RX are the eNB and the UE antenna gains (including 3GPP defined horizontal and vertical antenna patterns); N and I are the noise and the ICI power from all the interfering eNBs at the UE location; PNL is the wall penetration loss for signals received at indoor UEs; and finally, S and PL are the shadowing loss and the pathloss in dB measured at different UE positions using shadowing variances and pathloss models defined in Table 2 following [8] .
LTE/LTE-A Downlink Packet-Level Channel Model
The PHY TB transmission process underlies the multimedia IP services over LTE E-UTRAN. Thus in this section, we derive a simple model of the PHY TB transmission in order to provide reasonable estimates of achievable data rates for UEs located within the cell domain. The PHY TB transmission process model requires: i) the description of the process of CQI values reporting as seen by the eNB, and ii) PHY TB error rate estimates for different CQI values as seen from the MAC layer. It seems natural to model the reported CQI values and their dynamics using Finite-State Markov Chain (FSMC) channel models [4] . For simplicity, assuming Rayleigh fading statistics and a fixed PHY RB frequency allocation over time (TTIs) with sufficiently low user mobility and multipath signal dispersion, the packet-level PHY TB channel can be modeled using slowly-varying frequency-flat Rayleigh fading FSMC models [16] , [17] . We customize these models for our purpose: for LTE/LTE-A, the SINR division into FSMC states is naturally provided by the SINR intervals defining different CQI values (Table 1 , SINR column). Thus we "embed" the LTE division of SINR axis into the FSMC model in [17] . To embed the CQI states into the FSMC model, for UEs close to the eNB or the cell-edge, we dynamically introduce an additional set of "virtual" states. Virtual good states are introduced for SINRs larger than the CQI 15 (SINR > 20.31 dB) state and are assumed to deliver maximum size PHY TBs without errors (BLER=0); Virtual bad states are introduced for SINRs lower than the CQI 0 state (SINR < −1.25 dB), and are assumed to result in PHY TB transmission failure (BLER=1), as illustrated in Fig. 4 .
Based on the average S INR(d) at the UE calculated using (1) and the SINR intervals of CQI states, we establish an FSMC model representing the CQI state reporting process for any given UE location. Using the FSMC model, one can easily derive the set π = {π 1 , π 2 , . . . , π N CQI } of steady state probabilities of N CQI CQI states using the expressions in [17] . While in the i-th CQI state, the average data rate achievable at the UE equals:
where T BS (i) is the PHY TB information capacity (in bits, 
P( j), 1 ≤ j ≤ N S , is the substate probability distribution, obtained from the instantaneous SINR probability distribution law normalized to the SINR interval of the i-th CQI state [17] . BLER (sim) ( j) is the j-th substate BLER obtained by LTE PHY simulations [18] . Finally, the average rate R avg (d) of PHY TB data delivery to the UE placed at the distance d from the eNB:
where R = {R 1 , R 2 , . . . , R N CQI }. Note that these rates correspond to unicast transmission, where the eNB continuously adapts the MC scheme to the UE reported CQI values, and are thus applicable for DASH service analysis. However, the same approach is reusable for broadcast transmission, where the eNB applies fixed MC scheme. In that case, assuming the eNB applies the MC scheme corresponding to the CQI value s, the values in R are: R i = R s , for all i ≥ s, and R i = 0 otherwise. In other words, the UEs that report CQI values greater than or equal to s will receive the fixed service rate R s , while those below this CQI value will fail to receive data.
eMBMS: Average Rates vs. Coverage Probability
As a running example, in this paper we focus on the energyefficiency analysis of eMBMS services. We assume eM-BMS services are provided over a fraction of system frequency resources (e.g., fixed set of allocated PHY RBs), using either SC-eMBMS or SFN-eMBMS. For SFN-eMBMS, we assume that perfectly coordinated and synchronized set of eNBs jointly transmit the same physical signal to the UEs in the cell domain.
The ICI factor I in SINR-equation (1) depends on which of the two eMBMS strategies are in use. For SCeMBMS, the received signal power from all the eNBs except the strongest one contributes to the ICI factor. For SFNeMBMS, neighboring eNBs support each other by coherently transmitting the same signal over the same frequency resource. Due to synchronization complexity, we assume the cluster of 3 strongest eNBs provide useful signal matching while other eNBs contribute to the ICI factor.
Before proceeding, it is useful to observe Figs. 5 and 6. These figures present average data rates (in Mbits/s) calculated using Eq. (4) across the area of the central eNB under assumptions that neighboring eNBs transmit different PHY signals (Fig. 5) , which is the case for SC-eMBMS, or that neighboring eNBs transmit the same signal (Fig. 6) , which is the case in SFN-eMBMS. Clearly, by inspecting the numbers provided for example positions at the cell-edge area, we can observe that SFN-eMBMS benefits from signal superposition which affects the reception quality in the cell edge domain. On the other hand, the strict constraint that the PHY signals delivered from eNBs should be the same significantly restricts the flexibility as compared to the SCeMBMS service.
SFN-eMBMS: Average Rate vs. Coverage Probability
The SFN-MBMS is delivered from all eNBs using the same set of PHY parameters selected to meet the desired cell coverage probability threshold P (cov) th (the service coverage probability is defined as the probability that a uniformly and randomly placed UE achieves the SINR threshold required by the service). In general, exact coverage probability calculations are hard [19] , thus we use approximations following from the FSMC modeling to obtain reasonable estimates.
Let us reformulate the coverage probability problem for the scenario and model we observe. We assume the eNB broadcasts the service using a fixed MC scheme corresponding to CQI value s selected in advance. For any UE in the cell, the average received SINR is known (see Sect. 3). Feeding the FSMC model with the average SINR, we obtain the set π of steady CQI state probabilities at the UE. The coverage probability P (cov) UE,s is:
Averaging the P (cov) UE,s over the cell area, we obtain the (cell) coverage probability. For simplicity, we introduce two assumptions: i) the average SINR is circularly symmetric with respect to the eNB, and ii) the cell area represents a circle of radius r c . The first assumption restricts attention to any radial line emanating from the eNB; we select the worst-case radial line in terms of SINR values thus lowerbounding the coverage probability. For the second assumption, we use the circle of minimum radius that covers all UEs connecting to the eNB. Finally, the coverage probability is approximated by a "Riemann-like" weighted sum of coverage probabilities at points located at a sequence of N r concentric rings defined by the set of equidistant radii
The cell coverage probability is:
where
c is the probability that a UE, placed uniformly and randomly within the circular cell area of radius r c , hits the ring defined by [ 
For the desired coverage probability threshold P (cov) cell,th , the SFN-MBMS should broadcast using the highest CQI value s * for which the coverage probability P 
where CQI represents the set of indices of CQI states. Thus, the SFN-MBMS is able to achieve the average rate:
while satisfying the P (cov)
cell,th requirement.
SC-eMBMS: Average Rate vs. Coverage Probability
The rationale of the SC-eMBMS is that a small number of users in the cell is likely to be able to receive better service then the one used by the SFN-MBMS service [6] . In the following, assuming a Poisson distribution of UEs with intensity λ, we derive the average rate of the SC-MBMS for a given coverage probability P cell,th coverage probability region for the corresponding CQI state. For example, for CQI state s, we obtain r s using slightly altered version of equation (6):
where in the above equation, what we aim to evaluate is n. More precisely, we increase n thus increasing the set of equidistant rings defined by their radii
δ} in a ring-by-ring fashion until the coverage probability P
cell,th :
Depending on the selected radius increment δ, we get arbitrarily good estimate of r s = n(r s ) · δ. Using r and the user density λ, we calculate the probability that there are exactly i users in the cell, and all of them reside within the radius r j . In SC-MBMS setup, this is the probability that, given there are i users in the cell, the eNB broadcasting at rate R j defined by the MC scheme of the CQI state j, will cover all the UEs with probability P (cov) cell,th . Averaging the achievable eNB rates across the possible number of users in the cell and the possible CQI state coverage radii, we obtain the average SC-MBMS rate:
In the expression above, P λ (i) describes the Poisson distribution:
describing the number i of cell users as a function of the average user density λA, where A is the cell area, and i is limited to some sufficiently large value N u . P h (i, r j ) is the probability that i UEs, placed uniformly and randomly within the circular cell area, simultaneously hit the circle defined by the radius r j :
Finally, R j is the average rate achievable by the covered UE obtained from Eq. (2) . For the expression (11), it is important to note that the eNB will transmit using the rate R j if all the users are confined within the ring r j , but not all of them are confined to a smaller ring r j+1 (otherwise, the eNB would increase the transmission rate to R j+1 ). Note also that, unlike R S FN s * , the average rate for the SC-MBMS service R S C (λ) depends on the user distribution through the average number of users per unit area λ.
Bandwidth and Energy Efficiency Evaluation of eM-BMS in LTE/LTE-A
Given the average data rates available for video broadcast service delivery for different modes of system operation, we derive system utilization parameters in terms of bandwidth usage and energy consumption. These parameters are calculated per unit of service, which in our scenario represents a constant bitrate eMBMS video channel. The energy efficiency evaluation of eMBMS service units relies on energy consumption models of eNBs. The resulting energy per channel metric could be understood as a novel Energy of Service (EoS) parameter. The EoS could be fundamental for evaluation and comparison of different service architectures and selection of optimal ones with respect to the total energy costs service unit that satisfies specific QoE-based user requirements, as detailed below.
Capacity and Bandwidth Costs of eMBMS
Given the average service rate, the average number of eM-BMS video channels for a given system configuration is obtained similarly as in [3] :
In the above equation, N
RBP represents the number of PHY RBPs allocated for MBMS video delivery service, F (DL) eMBMS is the fraction of frame symbols allocated for eMBMS, α eMBMS is a fraction of control data required by eMBMS (α eMBMS = 10% [3] ), R c f g th% is the average data rate of the c f g system configuration (c f g could be SFN-eMBMS or SC-eMBMS service configuration) required to achieve th% user coverage, and finally, R eMBMS is the service unit data rate: a single eMBMS channel (e.g., 384, 768 or 1536 kbps) [3] . From the number of eMBMS channels the system configuration is able to provide over a given frequency allocation N (DL) RBP , the bandwidth allocation (in kHz) per eMBMS channel is:
Energy Efficiency of eMBMS
To investigate the energy efficiency of SFN and SC-eMBMS in a LTE/LTE-A, we first define a suitable macro eNB power consumption model, from which we directly obtain the energy costs per eMBMS channel. In general, macro eNB power models consist of dynamic and static components. While the dynamic part varies with the eNB average transmission power and the instantaneous traffic load, the static part (or zero-load) is independent of these parameters and represents the power consumption in equipment such as the transceiver (base-band and radio), climate control (cooling sections) and interfaces [20] - [23] .
In [22] , the macro eNB power model describes the relation between the eNB operational power P eNB Op and its maximum transmission power P eNB T x,max as given by:
where P eNB Op and P eNB T x,max are given in Watts (W), l is the value of the traffic load that varies between 0 (no load) and 1 (fullload), α is a constant that accounts for the power efficiency of the eNB power amplifier (PA), power supply unit, etc, while β is the zero-load macro eNB power consumption. In this paper, we choose α = 2.85 and β = 602 W, based on available energy-efficiency figures for state-of-the-art macro eNB components [24] .
From the number of eMBMS channels that the system provides over a given frequency allocation N (DL) RBP , it is easy to obtain the energy (or power) cost per eMBMS channel:
MBMS is the total number of resource blocks.
Extension to eMBMS over LTE/LTE-A HetNets
With the ongoing evolution from macro-cellular to Heterogeneous Networks (HetNets), the potential for offering higher-quality video services increases. Thus HetNets based evolved E-UTRAN offers novel opportunities for enhancements in mobile video delivery services including eMBMS through, e.g., service "offloading" from macro cells to small cells or dynamic power control ("cell-zooming") of small cells. On the other hand, E-UTRAN energy efficiency becomes major concern as introduction of small cells places additional burden on E-UTRAN power consumption. We further extend our SC-eMBMS service analysis assuming service traffic is offloaded to small cells whenever a mobile user equipment (UE) that consumes the service experiences better connection via a neighbouring small cell eNBs compared to the connection towards macro eNB. We assume a given number of micro and pico eNBs is randomly placed according to Poisson point process. Each class of eNBs (macro, micro and pico) is allocated a separate and disjoint set of PHY RBs. We apply micro eNB power consumption model from [25] and pico eNB power consumption model from [26] (Sect. 3, Eq. (6), Table III ).
Simulation Results
In this section, we provide the SFN and SC-eMBMS bandwidth and energy service costs evaluation and comparison in macro-cellular scenario. We also include simulation results of energy efficiency of SC-eMBMS delivery across LTE/LTE-A HetNets. Finally, we include QoE-based user requirements following from the suitable QoE models for H.264/Scalable Video Coding (SVC) [31] compressed video traffic into the proposed framework for system design and evaluation.
SC-eMBMS vs. SFN-eMBMS: Energy of Service
Using the FSMC-based system modeling methodology presented in Sect. 3.2, and applying the average service rate evaluation derived in Sect. 4.1, we are able to calculate the bandwidth and energy costs per service unit, as detailed in Sect. 5. More precisely, for the system layout and parameters introduced in Sect. 3.1 and Table 2 , we used Eqs. (8) and (11) to calculate the average data rate R S FN s * and R S C (λ) of both SFN and SC-MBMS configurations. The results obtained for SC-eMBMS are a function of the user density λ. Then, using expressions (15) and (17), we obtain the bandwidth and energy costs per fixed-rate MBMS channel for both configurations. Figures 7 and 8 show the bandwidth and energy costs per downlink video broadcast channel of service rates equal The results provide for direct comparison of the two different LTE-A eMBMS configurations with respect to the bandwidth and energy of service costs. As can be seen from the results, the SC-eMBMS transmission scheme is more suitable at low user densities, in particular, for user density values less than 5.45 users/cell. In addition, the SC-eMBMS service allows for switching-off cells without eMBMS users to save energy, which is additionally emphasized in Fig. 8 for eMBMS channel rate of 1.536 Mbps (by factoring the energy costs with P λ (0)). The SFN-eMBMS scheme is more efficient in providing improved cell-edge rates, which is reflected in its better performance at higher user densities. Finally, we note that the simple analytical tools proposed in this paper provide results that correspond very well to similar efforts reported within 3GPP [27] - [29] , where the results are obtained through simulations.
SC-eMBMS Delivery over LTE/LTE-A HetNets
We extend the SC-eMBMS scenario by randomly placing N μ , N p and N UE micro and pico cells and mobile users in the circular area of radius r c within the coverage area of the central macro eNB cell. We assume that every UE selects the point of connection to be the eNB (either macro or small) that provides the highest average SINR. In each simulation run, we calculate the frequency resources that every eNB has to allocate in order to be able to offer an average eM-BMS service rate of R [kbps] . In other words, we assume that each eNB (macro or small) is notified on all the UEs it serves and their respective SINR values. From this information the eNB extracts the worst-case user and, using Eqs. (2) and (4) RBP it has to allocate so that the worst-case user average rate R eNB min exceeds the service rate R. Finally, the total power eNB invested in the eMBMS is obtained by pondering the dynamic component of the total power expressions with the amount (fraction) of resources used for eMBMS service at each serving eNB. Figure 9 focuses on the R=256 kbps eMBMS service and deploys N μ = {1, 5, 10} micro base stations. From the results in the figure, we clearly see the benefit of increasing micro-cellular deployment density for energy efficiency while delivering fixed-rate service across the cell. For the case of large number of micro-cells, the cell coverage with the requested data rate is already sufficiently high resulting in the energy costs that remain nearly constant with the increase of the user density. Finally, in the figure, we also include the case of combined macro/pico deployment. We illustrate the scenario where, apart from the macro eNB, we randomly place N μ = 3 micro eNBs and N μ = 6 pico eNBs. The resulting energy costs for fixed rate R=256 kbps eM-BMS service turns out to be similar as for the case of N μ = 5 
QoE-Aware eMBMS Design
In the previous analysis, we evaluated the eMBMS channel as a fixed-rate data channel without consideration of the average video quality achievable at the UE. To this end, in the following, we introduce the Quality of Experience (QoE) as an additional requirement in the eMBMS system design. We use recently proposed QoE models for H.264/SVC services that provide analytical relations between the average data rates, R(q, t), and average subjective video quality based on Mean Opinion Score (MOS), Q(q, t), as a function of major H.264/SVC parameters: the frame rate (t) (Hz) and the quantization stepsize parameter (q) [30] . In this paper, we choose the rate and quality model parameters and the encoder settings, that are provided in [30] for the Foreman video sequence encoded using the SVC reference software [32] . Using the QoE models, we reformulate the eMBMS design problem and analyze the bandwidth and energy efficiency per unit of service in a way which is natural for mobile network operators: What are the bandwidth/energy costs per unit of eMBMS service satisfying certain average video quality threshold Q th for a given eMBMS system configuration? Figure 10 shows the bandwidth and energy cost per unit of service (video channel) as a function of video quality measured in MOS, and the achieved bit rate in the SFNeMBMS system. As expected, the increase in the requested video quality results in higher bandwidth and energy costs per video channel and requires the availability of higher channel rates to be offered to UEs of different capabilities within the SFN-eMBMS coverage area. For example, while delivering a very high quality video services of MOS = 4.5 will require the availability of high bit rates channels with rates R ≥ 800 kbps and bandwidth and energy costs of 0.9 [MHz/channel], and 8 [mJ/chanel], users with capabilities to receive video services of MOS=4.2 will only need to receive data at bit rates R ≥ 400 kbps, reducing the bandwidth and energy cost by almost 45% per channel. 
Conclusions
In this paper, we analysed energy efficiency of 3GPP-defined strategies for multimedia delivery in LTE/LTE-A. We presented a simple analytical approach for average service rate calculation constrained by coverage probability requirements. The average service rate results are then placed within the framework of bandwidth and energy costs per unit of service, which provides fundamental and universal metrices for bandwidth and energy efficient design of multimedia services in current and future LTE/LTE-A system configurations. As a demonstration, the proposed framework is applied on the SFN-eMBMS and the SC-eMBMS configurations, where the latter extended to upcoming HetNets topologies.
